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Modal completionThe perception of an illusory surface, a subjectively perceived surface that is not given in the image, is one
of the most intriguing phenomena in vision. It strongly inﬂuences the perception of some fundamental
properties, namely, depth, lightness and contours. Recently, we suggested (1) that the context-sensitive
mechanism of depth computation plays a key role in creating the illusion, (2) that the illusory lightness
perception can be explained by an inﬂuence of depth perception on the lightness computation, and (3)
that the perception of variations of the Kanizsa ﬁgure can be well-reproduced by implementing these
principles in a model (Kogo, Strecha, et al., 2010). However, depth perception, lightness perception, con-
tour perception, and their interactions can be inﬂuenced by various factors. It is essential to measure the
differences between the variation ﬁgures in these aspects separately to further understand the mecha-
nisms. As a ﬁrst step, we report here the results of a new experimental paradigm to compare the depth
perception of the Kanizsa ﬁgure and its variations. One of the illusory ﬁgures was presented side-by-side
with a non-illusory variation whose stereo disparities were varied. Participants had to decide in which of
these two ﬁgures the central region appeared closer. The results indicate that the depth perception of the
illusory surface was indeed different in the variation ﬁgures. Furthermore, there was a non-linear inter-
action between the occlusion cues and stereo disparity cues. Implications of the results for the neuro-
computational mechanisms are discussed.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
An illusory surface is perceived in an image such as shown in
Fig. 1A. It emerges when individual objects are laid out around
the central region. This indicates that the visual system detects
the elements that are given in an image, ﬁgures out the large-scale
conﬁguration, and creates a holistic interpretation of the image.
The emergence of global properties is one of the most prominent
characteristics of the visual system. This is why the well-known
example of an illusory surface, the Kanizsa triangle or square
(Kanizsa, 1955; Fig. 1Ca), has been investigated intensively.
Strikingly, in this simple ﬁgure, some fundamental perceptual
phenomena are triggered: The illusory surface is accompanied by
illusory depth, illusory contours and illusory lightness.
On theoretical grounds, it has been pointed out that depth-order
computation plays a key role in creating the illusion (Coren, 1972).
The visual system is constantly under a heavy burden of converting
2D retinal images into 3D interpretations by using available cues
such as occlusion, perspective, and stereo disparity. In this process,
interpretations are required to establish a coherent percept. If depthcomputation is the essential factor in creating the illusion,
computational principles of how illusory lightness and illusory con-
tours emerge in this phenomenon should be investigated. Recently,
we reported that the computation of border-ownership which
reﬂects the context of images can explain the emergence of illusory
surfaces and we implemented a model to demonstrate this, the
Differentiation–Integration for Surface Completion or DISC model
(Kogo, Strecha, et al., 2010). Border-ownership signals indicate that,
at each location along the boundaries, one of the two sides of the
boundary is closer to theviewer and, hence, theboundary represents
the edgeof the closer surface. Becauseborder-ownership reﬂects the
global conﬁguration, the context-sensitivity of illusory surface per-
ception can be reproduced (Kogo & Wagemans, 2013). We also ar-
gued that the computed depth-order inﬂuences the illusory
lightness perception (Kogo, Van Gool, & Wagemans, 2010). In this
way, depth perception and lightness perception were suggested to
interact.
The overall structure of the model is shown in Fig. 1D. The
border-ownership of a boundary is computed by global interac-
tions between all possible border-ownership signals along the
boundary. The integration of the border-ownership signals creates
a depth map. In the illusory ﬁgures, this computation results in the
central region being stratiﬁed from the background. In a separate
Fig. 1. (A) Illusory surface. (B) The illusory surface is perceived as an occluding surface on top of partially occluded surrounding objects. (Ca–Ci) Variations of the Kanizsa
ﬁgure used in the experiments. Ca–Ce are considered as illusory ﬁgures consisting of four pacmen and Cf–Ci are considered as non-illusory ﬁgures consisting of four cross
objects. The names for the individual ﬁgures used in this paper are indicated below the ﬁgures. In this paper, the term ‘‘standard’’ indicates the conﬁgurations with black
objects on white background such as Ca and Cf. The term ‘‘opposite-polarity’’ indicates the conﬁgurations with an equal amount of black and white objects on top of mid-gray
background such as in Cc, Cd, Ch, Ci. The term ‘‘concentric’’ means that the regions corresponding to the four pacmen in the standard Kanizsa ﬁgure are replaced by concentric
rings such as in Cb and Cd (the rings are black in Cc and alternatingly black and white in Cd). In Ce, four line segments are added that are perpendicular to the illusory contours
with their end-points aligned at the supposed locations of the illusory contours. It is called ‘‘side-lined’’ Kanizsa. Non-illusory counterparts of ﬁgures in Ca, Cb, Cc, and Cd were
created by keeping the surface properties of the pacmen in the four-crosses conﬁguration: the black crosses on top of the white background (Cf), the parallel-lined four
crosses (Cg), the opposite-polarity four crosses (Ch), and the opposite polarity parallel-lined four crosses (Ci). (D) Basic structure of the DISC model (Kogo, Strecha, et al.,
2010). The image is processed in two separate channels, a photometric channel and a depth channel. The border-ownership is computed in the depth channel reﬂecting the
global conﬁguration of the image. Based on the border-ownership signals the depth map is created. The depth map affects the lightness computation so that the contrast of
the central square region co-varies with the depth. (E) First, the primary lightness map is created solely based on the luminance values. It is then modiﬁed by the depth map,
which results in the ﬁnal lightness map. (F) The central area surrounded by the straight edges of pacmen and the corresponding area in the non-illusory ﬁgures are called
‘‘central square region’’ in this paper. The size of the square region and the diameter of the pacmen are indicated here. The width of the four crosses was adjusted so that the
surface area of the cross matches the surface area of the pacman.
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map’’ is computed. The primary lightness map is further modiﬁed
by the depth computation to enhance the contrast between the
inducers and the region stratiﬁed from the background, i.e. the
central region in this case (co-variation of depth and contrast,
Fig. 1E). In this way, the model explains the lightness illusion in,
for example, the ﬁgure with black inducers and white background
(Fig. 1Ca). It also explains the non-existence of the lightness illu-
sion when there are equal numbers of white and black inducers
on mid-gray background (Fig. 1Cc; Matthews & Welch, 1997;
Prazdny, 1983; Shapley & Gordon, 1985), while the illusory surface
is still perceived because of the depth stratiﬁcation.
The DISC model explains how depth computation inﬂuences
lightness perception. However, the available empirical data lack de-
tailed informationabout theperceptionof depth, contours and light-ness, and their interactions, although this is essential for further
elaboration of the computational mechanisms. For this purpose,
analysis of variations of the Kanizsa ﬁgure provides valuable infor-
mation. With the variation ﬁgures, a speciﬁc aspect, such as depth,
contrast polarity, lightness, and contours, can bemanipulated inde-
pendently. It is possible, therefore, to investigate systematicallyhow
these perceptual properties are established and how they interact
with each other. Some key modiﬁcations of the Kanizsa ﬁgure are
shown in Fig. 1C. By replacing the plain black surface of the pacmen
with concentric circles (Lesher &Mingolla, 1993), the illusory light-
ness appears to be stronger (‘‘concentric Kanizsa’’, Fig. 1Cb). By add-
ing side-lines, the end-points of which are aligned to the straight
edges of the pacmen, the illusion also appears to be stronger
(‘‘side-linedKanizsa’’, Fig. 1Ce).On theotherhand,when thepacmen
are replacedwith crosses, the illusion seems to disappear (‘‘standard
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are shown with an equal number of black and white objects on
mid-gray background that otherwise correspond to Fig. 1Ca and
Cb, respectively (‘‘opposite-polarity Kanizsa’’ and ‘‘opposite-polar-
ity concentric Kanizsa’’). In these ﬁgures, the lightness illusion does
not seem to occur, while the perception of the illusory surface per-
sists, indicating that the average contrast of the surrounding objects
with the background needs to have a non-zero value to create the
lightness illusion, although this is not essential for the perception
of the illusory surface (Matthews & Welch, 1997; Prazdny, 1983).
These observations provide key insights when the emergence of
illusory surface perception is investigated at the computational le-
vel. For example, when the ﬁgures in Fig. 1Ca and Cb are compared,
do we perceive equally strong depth in both ﬁgures or are they
quantitatively different? When the illusory lightness perception
appears to be stronger, as in Fig. 1Cb and Ce, does it correspond
to the amount of depth perception? And is there an illusory depth
perception in the opposite-polarity ﬁgures (Fig. 1Cc and Cd) of sim-
ilar magnitude as in the ﬁgures with the black inducers on the
white background (Fig. 1Ca and Cb)? As will be discussed in
Section 6, none of the previous attempts to measure the depth per-
ception of the illusory surfaces has addressed these issues (Bradley
& Dumais, 1984; Coren & Porac, 1983; Gregory & Harris, 1974;
Salzman & Halpern, 1982; Whitmore, Lawson, & Kozora, 1976), ex-
cept the study by Halpern (1981), who compared ratings of depth
perception in Fig. 1Ca and Cb. Moreover, there are only a limited
number of studies investigating whether the illusory lightness
perception or the illusory contour perception co-varies with the
illusory depth perception (Halpern, 1981). Nevertheless, this is
essential information for computational models linking depth
and lightness perception.
It is also important to note that, unlike depth perception based
on stereo disparity, occlusion cues merely indicate a ranked depth
order. They tell what is closer and what is further but not by how
much. On the other hand, if these variation ﬁgures create different
degrees of depth perception, this means that the depth perception
based on occlusion cues can also be quantitative in the end. If so, is
this because the depth computation reﬂects the conﬁgurations and
the patterns of the inducers quantitatively? Or is this due to the
interaction between the depth computation and the lightness com-
putation? Are these quantitative differences created at the level of
border-ownership computation or after the depth map of the im-
age is constructed? And how do the occlusion cues and stereo cues
interact in these processes to create a coherent depth percept
(Anderson & Julesz, 1995; Bertamini, Martinovic, & Wuerger,
2008; Burge, Peterson, & Palmer, 2005; Gillam, Anderson, & Rizwi,
2009)? Despite the large research efforts to investigate how illu-
sory surfaces are created, these questions are not fully answered
yet. How depth perception, contour perception and lightness per-
ception arise, how they interact with each other, and how pictorial
and stereo depth cues are integrated, all remain fundamental open
questions in vision.
As a ﬁrst step to address these questions, we investigated depth
perception of the variation ﬁgures applying a novel experimental
paradigm. An illusory and a non-illusory ﬁgure were presented
side-by-side, while the depth perception of the central square re-
gion in the non-illusory ﬁgure was manipulated by giving a stereo
disparity to the edges (Fig. 2A). Participants were asked to compare
the depth of the central regions in the two ﬁgures and to choose
the side (left or right) that appeared to be closer to them. Without
the stereo disparity on the non-illusory ﬁgure, the participants
would choose the illusory surface. However, as the central region
on the non-illusory ﬁgure comes closer by increasing the stereo
disparities, the participants would eventually start to choose both
ﬁgures an equal number of times, which indicates that the depth of
the central region on the non-illusory ﬁgure matches the depthof the illusory surface. With this paradigm, therefore, the strength
of the illusory depth perception can be quantitatively expressed as
the equivalent stereo disparity given to the non-illusory ﬁgure. We
report that depth perception indeed differs quantitatively between
the variation ﬁgures, and that non-linear interactions occur be-
tween the occlusion and stereo cues.2. General methods
Three experiments are reported in this paper. Here, we describe
the methods that are common.2.1. Participants
Participants were university students who were naive with re-
gard to the purpose of the experiment. All participants had normal
or corrected-to-normal vision. Before the experiment, the partici-
pants signed an informed consent form. The experimental proce-
dure was approved by the Ethical Committee of the University of
Leuven.2.2. Apparatus
In all experiments, a custom-made stereo set-up was used to
present the stimuli. The stimuli were projected from two displays
(SONY GDM-F500R, resolution 2048  1536, 96DPI) through a set
of two mirrors to the left and right eyes separately. A head-rest
was used to secure the position of the head. The viewing distance
was 125 cm. One pixel of the display corresponds to 0.5 arcmin.
The displays were driven by a double channel graphics card
(NVIDIA GeForce 8600GT). All displays were calibrated. The com-
puter was an Intel CPU based machine running Microsoft Windows
as operating system. All experimental paradigms were written in
Matlab (Mathworks) code with Psychtoolbox extension (Brainard,
1997; Pelli, 1997). All experiments were performed in a dark room.2.3. Testing stereo vision
Wetested the participants’ stereo visionﬁrst. Twowhite squares,
whose size and location corresponded to the central square regions
of the Kanizsa ﬁgures in the main experiment, were presented side-
by-side on a black background (size of the squares, 84  84 arcmin,
the center of the two squares separated by 200 arcmin). One of the
two squares had a stereo disparity so that it was closer to the partic-
ipant. This was done by shifting the position of the square inward
(nasal direction) by 1 arcmin (two pixels), either on the left display
or on the right display. The task of the participant was to report
which square appeared to be closer by pressing a key on a numeric
pad (key 1 for left, key 3 for right). The experiment consisted of 20
trials. Only the participants who gave 75% correct answers were se-
lected for participation in the main experiments.2.4. Stimuli
Variations of the Kanizsa ﬁgurewere used (Fig. 1C). In this paper,
they are named (fromFig. 1Ca to Ci, resp.), ‘‘standardKanizsa’’, ‘‘con-
centric Kanizsa’’, ‘‘opposite-polarity Kanizsa’’, ‘‘opposite-polarity
concentric Kanizsa’’, ‘‘side-lined Kanizsa’’, ‘‘standard four crosses’’,
‘‘parallel-lined four crosses’’, ‘‘opposite-polarity four crosses’’, and
‘‘opposite-polarity parallel-lined four crosses’’. ‘‘Opposite-polarity’’
indicates that the ﬁgure is constructed by an equal number of black
and white objects on a mid-gray background. Some of these ﬁgures
were only used in the Supplemental experiment. The ﬁgures in
Fig. 1Ca–Ce are considered as illusory ﬁgures. The ﬁgures in
Fig. 2. Experimental paradigm. (A) An illusory ﬁgure (test ﬁgure) and a non-illusory ﬁgure (control ﬁgure) are presented side-by-side with a small red cross marking the
midpoint between the two. (B) The stereo disparities (SD) are given by shifting the horizontal positions of the vertical straight edges surrounding the central square region. (C)
While the illusory perception creates an illusory surface closer to the viewer (left), the stereo disparity given to the non-illusory ﬁgure creates the perception of the central
surface (right). The participant had to judge which central square region (left or right) is closer. If enough SD is given, the central square region in the non-illusory ﬁgure
eventually matches the depth of the illusory surface. In such a case, the participants would be choosing either the control or the test ﬁgure in 50% of the cases. SD values lower
than that would yield less than 50% answers choosing the control ﬁgure, while SD values higher than that would yield more than 50% answers. (D) In the ‘‘catch’’ trials, the
illusory (test) ﬁgure also had SD (4 pixel shift of the edges). This would require higher SD values in the control ﬁgure to match the height of the illusory surface. Hence, a
rightward shift of the psychometric function is expected (see the main text for details). (E) After presenting a red cross in the middle for 200 ms, the pair of test and control
ﬁgures is presented for 1 s. After the disappearance of the stimulus, the participants had to answer (left or right) as quickly as possible based on which central square region
appeared closer to them. The mask with random noise was brieﬂy presented (200 ms) and the process was repeated. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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counterparts of Fig. 1Ca to Cd, respectively).
The square-like region in the middle of the ﬁgures deﬁned by
the straight edges of the surrounding objects and their interpola-
tions is called ‘‘central square region’’ hereafter (Fig. 1F). Its size
is kept the same in all ﬁgures. The distance between the central
L-junctions of the pacmen was 84  84 arcmin. The diameter of
the pacmen are 52 arcmin (Fig. 1F). This makes the support ratio
(Shipley & Kellman, 1992) of the Kanizsa square 0.62. The width
of the crosses in the all four-crosses ﬁgures are adjusted so that
the surface area matches the surface area of the pacmen. When ﬁg-
ures consisted of line objects (Fig. 1Cb, Cg, Cd, and Ci), their width
was 2.0 arcmin.
2.5. Experimental paradigm
In Fig. 2, the presentation of the stimuli is shown schematically.
An illusory and a non-illusory variation of a Kanizsa ﬁgure were
presented side-by-side in the stereoscope (Fig. 2A). The centers
of the two ﬁgures were separated by 200 arcmin. In the non-
illusory ﬁgure, stereo-disparity was given to the central square re-
gion by shifting the horizontal positions of the vertical straight
edges surrounding the central square region so that it is perceivedto be closer to the participant (Fig. 2B). Hence, while the partici-
pants perceived the illusory central square stratiﬁed from the
background in the illusory ﬁgure, the depth of the central square
region of the non-illusory ﬁgure was manipulated by the stereo
disparity. The task of the participants was to compare the depth
perception of the central square regions in the two ﬁgures.
Fig. 2C shows a schematic drawing of the stimulus presentation.
The disparities varied between 0.5 and 3.5 arcmin position shifts
with 0.5 arcmin increments (1–7 pixel shift with 1 pixel incre-
ment) of the straight edges in Experiment 1 and 2, and between
0 and 1.5 arcmin position shifts with 0.5 arcmin increments (0–3
pixel shift with 1 pixel increment) in Experiment 3. The ﬁgure in
the pair whose stereo disparities varied in different steps is called
‘‘control ﬁgure’’, while the other one whose depth perception was
measured is called ‘‘test ﬁgure’’. In some conditions, a pair of illu-
sory ﬁgures or a pair of non-illusory ﬁgures were presented. In
such cases, one of them played the role of control ﬁgure and the
other test ﬁgure.
In Experiment 1 and 2, half of the trials were called ‘‘catch
trials’’, in which a stereo-disparity (2.0 arcmin (4 pixel) shift) was
given to the test ﬁgures as well (hereafter ‘‘catch disparity’’,
Fig. 2D). These catch trials were introduced for two reasons. First,
if the stereo-disparity is given only to the non-illusory ﬁgures, par-
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without comparing the depth perception in the two ﬁgures (e.g.,
by always choosing the ﬁgure with the stereo-disparity). Second,
by adding a stereo-disparity to the illusory ﬁgure, we may observe
an interaction between the underlying mechanisms of depth per-
ception based on stereo-disparity and (illusory) depth perception
based on occlusion. Catch trials were not necessary in Experiment
3 because only illusory ﬁgure pairs were used and, in half of the tri-
als, one of the paired ﬁgures functioned as test and the other as
control ﬁgure, and vice versa in the other half.
As described in detail later, there were three separate experi-
ments in which different combinations of ﬁgures were used. The
ﬁrst two experiments were similar but different sets of ﬁgures
were used. In Experiment 1, the standard and opposite polarity
illusory ﬁgures (Fig. 1Ca–Cd) were compared with the standard
non-illusory ﬁgure (Fig. 1Cf). In Experiment 2, the opposite-polar-
ity ﬁgures were not used but, instead, the side-lined Kanizsa and
the parallel-lined four crosses (Fig. 1Ce and Cg), were used. In
Experiment 3, the standard illusory ﬁgures (Fig. 1Ca and Cc) were
directly compared with the concentric ﬁgures (Fig. 1Cb and Cd,
resp.). (We also ran an additional experiment using the illusory
ﬁgures (Fig. 1Ca–Cd) paired with their respective non-illusory
counterparts (Fig. 1Cf–Ci, resp.), and the results are described in
the Supplement.)
The temporal sequence of the experiment was as follows
(Fig. 2E). A red cross appeared in the middle for 200 ms and, with
a beep sound, the image with the pair of ﬁgures was presented for
1 s, and then, with another beep sound, a blank image was pre-
sented until the participant gave an answer. The participant had
to report which central square region appeared to be closer (left
or right) by pressing a key on a numeric pad (key 1 for the left side,
key 3 for the right side). Once the answer was given, a masking im-
age (a noise image covering the whole visible areas of the stereo-
scope) appeared for 1 s to suppress the afterimages, and the next
trial started. The different ﬁgure pairs, the side (left or right) of
the test and control ﬁgures, catch and non-catch pairs, and the gi-
ven disparities to the control ﬁgures were all counterbalanced. The
sequence of all the trials was randomized. After every 50 trials, a
message appeared on the display asking the participant to rest
for 30 s. After the break, the participant had to press ‘‘enter’’ twice
to go onto the next 50 trials. All three experiments required the
participant to attend multiple sessions on separate days, each ses-
sion taking about 1 h. Before the main experiment, each session
started with 20 test trials with two squares presented side-by-side
with two pixels stereo disparity given to one of the squares as in
the screening test for the stereo vision. The test trials were given
to remind the participants about the task and to encourage them
to focus.
2.6. Data analysis
The probabilities that the participant chose the control ﬁgure for
each disparity was estimated and psychometric functions (PF) were
ﬁtted using Psigniﬁt (http://bootstrap-software.org/psigniﬁt/), a
software package which implements the maximum-likelihood
methoddescribedbyWichmannandHill (2001a, 2001b). The cumu-
lative Gaussian functionwas used as themodel of the psychometric
function and the ﬁt yielded two estimated parameters, a and b,
corresponding to the mean and the standard distribution of the
Gaussian. a corresponds to the ‘‘threshold’’ value and b is inversely
related to the slope of the PF. The threshold value is the x-value that
corresponds to the probability of 0.5 on the PF, indicating the stereo
disparity where the participant judged the depth of the central
square regions of the twoﬁgures to be identical. The twoparameters
were collected for each condition for each participant. The data from
individual participants as well as the pooled data were analyzed bythe statistical software package, SPSS. The differences of the psycho-
metric functions between different ﬁgure pairs and with or without
catch disparity were analyzed by two-way ANOVA with univariate
linear regression.3. Experiment 1
The illusory ﬁgures were paired with the standard four crosses
ﬁgure. The illusory ﬁgures were standard Kanizsa, concentric Kan-
izsa, opposite-polarity Kanizsa, and opposite-polarity concentric
Kanizsa (Fig. 3A–D top).
3.1. Method for Experiment 1
This experiment was carried out with three participants (all fe-
male undergraduate students). Seven different stereo-disparities
values were given to the control ﬁgure. In addition, there were
pairs with or without catch disparity. This makes 56 conditions
in total (4  7  2). Each condition was repeated 20 times for each
1-h session, and the session was repeated four times for each par-
ticipant. This made a total of 4480 trials, consisting of 560
(20  7  4) trials for each ﬁgure pair, either with or without catch
disparity.
3.2. Results for Experiment 1
Fig. 3 shows an example of the data from one participant. In
Fig. 3A–D, the probabilities that the participant chose the central
square region of the control ﬁgure as closer than one of the test ﬁg-
ures are plotted for all seven stereo disparities given to the control
ﬁgure, along with the ﬁtted PFs. The blue plots and the red plots
correspond to the data from the pair with and without catch dis-
parity, respectively.
PFs of the illusory-non-illusory pairs showed a rightward shift,
indicating the illusory depth perception of the central square
region (i.e., perceived as being closer to the participant) in the illu-
sory ﬁgures (Fig. 3A–D, red). The estimated parameters of the PFs
depended on the variation ﬁgures. The average a values from all
the participants are plotted in Fig. 4A (red bars for the data without
catch disparity, blue bars with catch disparity) and summarized in
Table 1. The concentric Kanizsa ﬁgure showed a lower a value than
the standard Kanizsa ﬁgure. This was true for the opposite-polarity
concentric Kanizsa as well. The lower a values in the concentric
Kanizsa ﬁgures indicate that depth perception in these ﬁgures
was less than in the standard and opposite-polarity Kanizsa
ﬁgures. On the other hand, the a values of the opposite-polarity
Kanizsa ﬁgure and the standard Kanizsa ﬁgure were not signiﬁ-
cantly different, suggesting that lightness perception had no inﬂu-
ence on depth perception in the two ﬁgures (with or without
opposite-polarity condition, see Section 6).
The catch trials also showed a rightward shift of the PFs
(Fig. 3A–D, blue). The values of the shift were, however, consis-
tently less than the value of the catch disparity (4 pixels). In other
words, the stereo disparity given to the central square regions of
the illusory ﬁgures was not added linearly to the illusory depth
without catch disparity. The difference between a values with
and without catch disparity is plotted in Fig. 4A (green lines),
which clearly indicates the non-linearity (if the summation is
linear the y values should be 4 in all ﬁgures).
3.3. Discussion of Experiment 1
With the experimental paradigm applied here, we were able to
measure the illusory depth perception quantitatively. The data
were ﬁtted well by PFs. The PFs were shifted rightward, giving
Fig. 3. The results from a representative participant for the four pairs of test/control ﬁgures in Experiment 1. The four pairs are shown above the plots: Standard Kanizsa (A),
concentric Kanizsa (B), opposite-polarity Kanizsa (C), opposite-polarity concentric Kanizsa (D). The probabilities of choosing the central square region of the non-illusory
(control) ﬁgure are plotted for the seven stereo disparities (SD) given to the control ﬁgure. The data are shown as dots and the ﬁtted psychometric functions (PF) are in solid
lines; red plot: without catch disparity, blue plot: data with catch disparity. The rightward shift of the PF indicates the strength of the illusory depth perception in the test
ﬁgure. From the ﬁt of the PFs, two parameters, a and b, are estimated. a is the x-value corresponding to 50% answers (‘‘threshold’’). b is inversely related to the slope of the PF.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. (A) a values for the individual four ﬁgure pairs averaged across all participants. Red bars: data without catch disparity. Blue bars: data with catch disparity (same in B).
Error bars indicate standard errors. Note that the a value in the standard Kanizsa is larger than the one in the concentric Kanizsa. Green lines: The difference of a values
between the data with catch disparity and without catch disparity. (B) b values for the individual four ﬁgure pairs averaged from all participants. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
The summary of Experiment 1. Averaged values from all participants are indicated with the standard deviation in parentheses. The a values of the standard Kanizsa and the
opposite-polarity Kanizsa (with or without catch disparity), as well as the b values of the standard Kanizsa and the opposite-polarity Kanizsa with catch disparity, were not
signiﬁcantly different. Other than that, all a values and b values in all conditions were signiﬁcantly different (p < .05).
Test ﬁgure types a w/o catch disparity a w/ catch disparity b w/o catch disparity b w/ catch disparity
Standard Kanizsa 1.85 (0.81) 4.95 (0.51) 1.88 (1.72) 1.22 (0.50)
Concentric Kanizsa 1.48 (1.33) 4.05 (0.58) 1.67 (1.01) 1.75 (1.05)
Opposite-polarity Kanizsa 1.83 (0.77) 4.97 (0.45) 2.19 (1.89) 1.20 (0.61)
Opposite-polarity concentric Kanizsa 1.72 (1.06) 3.76 (0.43) 1.01 (0.39) 1.86 (1.08)
Average 1.72 (1.03) 4.43 (0.73) 1.69 (1.45) 1.51 (0.90)
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Because the catch trials also resulted in a rightward shift of the
PFs, it is very unlikely that the participants’ responses were biased
simply because of the different shapes of the objects or the
presence or absence of stereo disparities. Therefore, these results
strongly suggest that this experimental paradigm yields quantita-
tive values that reﬂect the strength of the illusory depth perception
in terms of the stereo disparities given in the control ﬁgure. (Also
note that the data from the non-illusory and non-illusory pair
(Fig. S1E) showed a threshold value near zero, which clearly con-trasts with the illusory and non-illusory pairs tested in Experiment
1, corroborating our interpretation.)
The threshold values were different in the different variation
ﬁgures. The concentric Kanizsa and the opposite-polarity concen-
tric Kanizsa ﬁgures showed lower a values than the standard and
the opposite-polarity standard Kanizsa ﬁgures, respectively, indi-
cating that the subjects perceived lower depth values in the con-
centric variations than in the standard ﬁgures. This is an
intriguing ﬁnding because the illusion appears to be stronger in
the concentric Kanizsa ﬁgure. This suggests that the apparent
Fig. 5. The results from a representative participant for the four pairs of test/control ﬁgures (shown above the plots) in Experiment 2. The same layout as in Fig. 3. The four
stimulus pairs are standard Kanizsa (A), concentric Kanizsa (B), side-lined Kanizsa (C), and parallel-lined four crosses (D) paired with standard four crosses.
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to the stronger lightness illusion, without being accompanied by
enhanced depth perception. Hence, this suggests that independent
mechanisms are involved in the emergence of illusory depth and
illusory lightness perception. We repeated the same comparison
in the other sets of experiments reported here (Experiment 2, 3
and S1), which also indicated that the depth perception in the stan-
dard Kanizsa ﬁgure is stronger (see below). The effect of the catch
disparity yielded interesting results. The shifts of the PFs from non-
catch to catch trials were systematically less than 4 pixels. This
suggests that depth perception based on stereo disparity and depth
perception based on occlusion cues may interact non-linearly in
creating the ﬁnal depth perception.
4. Experiment 2
Experiment 2 is similar to Experiment 1 except that a different
set of ﬁgures was used, including the standard illusory Kanizsa, the
concentric Kanizsa, and the side-lined Kanizsa (Fig. 1Ce) but notFig. 6. (A) a values for the individual four ﬁgure pairs averaged across all participants in E
three illusory/non-illsuory pairs (orange). Red bars: data without catch disparity. Blue ba
one in the standard Kanizsa. Also note that the a value of the parallel-lined four crosses i
indicating that the stereo-disparity is more effective to the depth perception in the stand
disparity and without catch disparity. (B) b values for the individual four ﬁgure pairs aver
legend, the reader is referred to the web version of this article.)the opposite-polarity illusory ﬁgures. In addition, a pair of the par-
allel-lined four crosses (test) and the standard four crosses (con-
trol) was included to investigate the difference in depth
perception by the manipulation of the stereo disparities in these
two non-illusory ﬁgures (see Discussion in the Supplement).
4.1. Method for Experiment 2
Four ﬁgures were used as test ﬁgures (standard Kanizsa, con-
centric Kanizsa, side-lined Kanizsa, and parallel-lined four crosses),
and were paired with the standard four-crosses ﬁgure (Fig. 5 top).
The same seven stereo-disparities were given to the control ﬁgures
as in Experiment 1.
This experiment was carried out with three participants (two of
them also participated in Experiment 1). Each condition was re-
peated 20 times for each 1-h session, and the session was repeated
four times. This gave a total of 4480 trials, consisting of 560
(20  7  4) trials for each ﬁgure pair, either with or without catch
disparity.xperiment 2. The four pairs are shown below the plot: non-illusory pair (green) and
rs: data with catch disparity. The a value in the side-lined Kanizsa is larger than the
s less than zero without the catch disparity and less than 4 with the catch disparity,
ard four crosses. Green lines: The difference of a values between the data with catch
aged from all participants. (For interpretation of the references to color in this ﬁgure
Table 2
The summary of Experiment 2. The a and the b values between the ﬁgures were all signiﬁcantly different.
Test ﬁgure types a w/o catch disparity a w/ catch disparity b w/o catch disparity b w/ catch disparity
Standard Kanizsa 2.13 (1.28) 4.89 (0.49) 1.56 (1.06) 1.13 (0.42)
Concentric Kanizsa 1.90 (0.93) 4.14 (0.49) 1.62 (1.08) 1.41 (0.56)
Side-lined Kanizsa 2.49 (1.08) 5.21 (0.59) 1.30 (0.79) 1.25 (0.38)
Parallel-lined four crosses 1.41 (1.64) 1.98 (0.82) 2.23 (1.74) 1.85 (0.72)
Average (illusory only) 2.17 (1.13) 4.75 (0.69) 1.49 (0.99) 1.27 (0.47)
Average (all ﬁgures) 1.27 (2.01) 4.05 (1.40) 1.68 (1.26) 1.41 (0.60)
Fig. 7. (A–D) The results from a representative participant for the four test/control pairs in Experiment 3. The four stimulus pairs are shown above the plots. They are
combinations of either the standard Kanizsa and the concentric Kanizsa pair (A and B) or the opposite-polarity Kanizsa and the opposite-polarity concentric Kanizsa pair (C
and D). In half of the trials, the standard ﬁgures are used as test ﬁgures and the concentric ﬁgures as control ﬁgures (S–C pairs, A and C), and in the other half trials, the
concentric as test and the standard as control (C–S pairs, B and D). The probabilities of choosing the central square region of the control ﬁgure are plotted for the stereo
disparities (SD) given to the control ﬁgure. The data are shown as solid dots and the ﬁtted PFs are in solid lines. In C–S pairs, PFs are shifted to the left and in the S–C pairs to
the right, indicating the stronger depth perception in the standard ﬁgures. (E) a values for the four ﬁgure pairs averaged from all participants. (F) b values for the individual
ﬁve ﬁgure pairs averaged from all participants.
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The side-lined Kanizsa (Fig. 5C) gave larger a and smaller b than
the standard Kanizsa. This indicates that depth perception is
stronger and clearer in the side-lined Kanizsa than in the standard
Kanizsa. As in Experiment 1, the concentric Kanizsa yielded lower
depth values. The pooled data are shown in Fig. 6 and summarized
in Table 2.
Adding the catch disparity to the test ﬁgures showed the same
non-linear effect as in Experiment 1. The difference between the a
values with and without catch disparity was signiﬁcantly less than
4 pixels and it was less in the illusory ﬁgures than in the non-illu-
sory pair (Fig. 6A, green lines).4.3. Discussion of Experiment 2
The data clearly indicated that depth perception was different
in the side-lined Kanizsa, the standard Kanizsa, and the concentric
Kanizsa (higher to lower, in this order). The non-linearity was
found again when the catch disparity was given.5. Experiment 3
Both Experiment 1 and Experiment 2 showed, consistently, that
depth perception in the concentric Kanizsa ﬁgures was lower than
in the standard Kanizsa ﬁgures. Although the results were consis-
tent in both experiments, the differences were small. As discussed
before (and in more detail below), this ﬁnding is quite important in
terms of the relationship between the mechanisms for depth
computation and lightness computation. Hence, to conﬁrm the re-
sults, direct comparisons of illusory ﬁgures between the standard
Kanizsa ﬁgures and the concentric Kanizsa ﬁgures were made
(Fig. 7 top). This gives only relative depth perceptions but provides
direct evidence of the depth difference between the two illusory
variation ﬁgures.5.1. Method for Experiment 3
As shown in Fig. 7, top, the two pairs were used: (1) standard
Kanizsa and concentric Kanizsa (Fig. 7A and B), and (2) opposite-
polarity standard Kanizsa, and opposite-polarity concentric Kanizsa
(Fig. 7C and D). In 50% of the trials, the test ﬁgurewas the concentric
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ﬁgure was the standard Kanizsa (or opposite-polarity standard
Kanizsa). This pair is called the C–S pair. In the other 50% of the tri-
als, the pair was reversed and the standard Kanizsa ﬁgure was the
test and the concentric Kanizsa ﬁgure was the control (i.e., the S–
C pair).
This experiment was carried out with four participants (two of
them participated in both Experiment 1 and 2, and one also partic-
ipated in Experiment 2). Each condition was repeated 40 times for
each 1-h session, and the session was repeated two times. Four
steps of stereo disparities (0–3 pixel, 1 pixel increment) were given
to the control ﬁgure because a smaller depth difference was ex-
pected than the depth difference between illusory and non-illusory
ﬁgure as in the other experiments. No catch disparity was given.
This gave a total of 1280 trials, consisting of 320 (40  4  2) trials
for each ﬁgure pair. One participant chose the test ﬁgures nearly
100% of time in C–S pairs and 0% in S–C pairs. Therefore, although
the trend (standard Kanizsa ﬁgure creating stronger depth percep-
tion) was the same as for other participants, the data could not be
ﬁtted by PFs and therefore were excluded from further analysis.
5.2. Results for Experiment 3
In Fig. 7A and B, the results are plotted for the pair of the
standard Kanizsa and the concentric Kanizsa (C–S pair in Fig. 7A
and S–C pair in Fig. 7B) from one participant. In Fig. 7C and D,
the data and the ﬁtted PFs are plotted for the pair of the oppo-
site-polarity Kanizsa and the opposite-polarity concentric Kanizsa
(from the same participant). The results show a rightward shift
of the ﬁtted PFs in the S–C pair and a leftward shift in the C–S pair.
This indicates that the depth perception of the standard Kanizsa
(and its opposite-polarity variation) creates stronger depth percep-
tion than the concentric Kanizsa (and its opposite-polarity varia-
tion). b values were higher in the C–S pairs than in the S–C pairs.
The average values from all the participants are plotted in Fig. 7E
and F and summarized in Table 3.
5.3. Discussion for Experiment 3
The direct comparison of the depth perception between the
standard and the concentric Kanizsa in Experiment 3 shows that
the participants see the illusory square closer in the standard
Kanizsa than in the concentric Kanizsa (and the same is true in
their opposite-polarity variations), conﬁrming the observations in
Experiment 1 and 2.6. General discussion
By looking at variations of the Kanizsa ﬁgure (Fig. 1C), it be-
comes clear that the modiﬁcation of the image induces illusions
with different degrees of strength. However, the visual system
computes various perceptual aspects. The color, illumination,
depth order, and shapes of surfaces are some of the fundamental
properties derived from the luminance information available inTable 3
The summary of Experiment 3. The a and the b values were all signiﬁcantly different.
Test ﬁgure types a b
Standard ﬁgures
Concentric/standard Kanizsa 0.75 (0.92) 1.09 (0.89)
Standard/concentric Kanizsa 1.11 (0.75) 1.52 (0.71)
Opposite-polarity ﬁgures
Concentric/standard Kanizsa 0.44 (0.25) 1.17 (0.51)
Standard/concentric Kanizsa 0.65 (0.18) 1.58 (0.78)the retina. Which processes are involved in the perceptual differ-
ences between these variation ﬁgures? Understanding how these
differences arise would help to gain further insight into the under-
lying mechanisms of these processes. To untangle the possibly
multiple causes of the phenomenon, we ﬁrst asked if the depth
perception is different in these variations and, if so, what speciﬁc
properties cause these differences. To answer this question, it
was necessary to establish an experimental paradigm to measure
the strength of depth perception of the illusory surface in a quan-
titative way. We presented the illusory ﬁgure and its non-illusory
variation side-by-side while manipulating the stereo disparity of
the latter. By measuring the probability of choosing the central
square region of the non-illusory ﬁgure as being closer, we were
able to show a rightward shift of the PFs, indicating the occurrence
of an illusory depth perception. With this paradigm, therefore, we
were able to go further and compare the depth perceptions in the
variation ﬁgures. In sum, the standard Kanizsa showed stronger
depth perception than the concentric Kanizsa, while it showed
weaker depth perception than the side-lined Kanizsa. The depth
perception of the concentric Kanizsa was also weaker in the oppo-
site-polarity ﬁgures. Furthermore, there was no signiﬁcant differ-
ence in depth perception of the standard Kanizsa and the
opposite-polarity Kanizsa. We discuss the implications of the data.
6.1. Experimental paradigms and comparison with previous work
In the past, several attempts have been made to quantitatively
measure the illusory depth. Some of the studies relied on ratings
given by participants (Bradley & Dumais, 1984; Halpern, 1981;
Salzman & Halpern, 1982). Among those, Halpern (1981) compared
the depth perceptions between the standard Kanizsa and the con-
centric Kanizsa, and reported a weaker depth value for the latter.
Our results are in agreement with theirs. However, the rating
method is, in general, not so reliable as the 2AFC method employed
here. Coren and Porac (1983) used a stereogram and asked partic-
ipants to adjust the depth of a small dot placed on the illusory sur-
face so that they are placed in the same depth plane (matching
paradigm). However, a dot may be perceived as another object
on top of a surface or it can be perceptually incorporated into the
illusory surface as a texture on the surface (‘‘captured’’, Guardini
& Gamberini, 2008; Ramachandran, 1986). Hence, the measured
depth could be affected by the status of the dot in the depth per-
ception. Furthermore, they did not investigate the differences in
the variation ﬁgures. Gregory and Harris (1974) used a variation
of the Kanizsa illusory ﬁgure that consisted of two overlapping tri-
angles with opposite orientations, a ‘‘broken triangle’’ formed by
V-shaped objects and an illusory triangle with dots on the apexes.
The stereoscopic depth of the three dots accompanying the illusory
triangle could be adjusted. The illusory triangle diminished when
the three dots were placed further than the broken triangle. It
would be difﬁcult, though, to apply this ‘‘depth-nulling’’ paradigm
to standard conﬁgurations of the Kanizsa ﬁgure. To null the depth
of the illusory surface, the disparity of the straight edges has to be
‘‘uncrossed’’. This immediately induces the perception of the illu-
sory surface as being further than the background. In fact, in the
data in which this depth-nulling method was applied (Lawson
et al., 1974; Whitmore, Lawson, & Kozora, 1976), the threshold va-
lue appears to be close to zero. Therefore, this method would not
yield measurements of illusory depth. Our new experimental par-
adigm offers, we believe, more systematic measurements of the
depth perception of the illusory surfaces in the Kanizsa ﬁgure
and its variations compared to these classic studies. Our results
indicate that the depth perceptions in the variation ﬁgures are in-
deed quantitatively different, even when the illusory lightness per-
ception is not present. In other words, with or without the
lightness illusion, the depth perception of illusory surfaces quanti-
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the image.
6.2. How are the different levels of depth perception created in the
variation ﬁgures?
The fact that the concentric Kanizsa creates less depth percep-
tion is, in a sense, not surprising considering that the support ratio
of the concentric ﬁgure is less than the standard Kanizsa, if it is
measured by summing only the physical elements given in the im-
age along the central region instead of assuming the interpolated
boundaries connecting the end-stopped points. On the other hand,
it is surprising in the sense that the lightness illusion or the
‘‘saliency’’ of the central square in the concentric Kanizsa appears
to be stronger. This may suggest that depth and lightness do not
co-vary and that other factors than the degree of depth perception
inﬂuence the lightness illusion.
Three factors may be considered here to explain the dissociated
effects on depth and lightness perception. First, let us consider the
effects of the end-stopped points on visual perception. Although
end-stopped points are often considered to imply occlusion, it
has been shown that this depends on the relationship between
the depth-order perception determined by the global conﬁguration
(Gillam & Nakayama, 2002) and how the line segments are laid out
(Gillam & Grove, 2011). At the same time, the Ehrenstein illusion
does indicate that a certain alignment of end-stopped points cre-
ates an illusion with strong brightness (Ehrenstein, 1941). The
dependency of the effect of end-stopped points on particular con-
ﬁgurations may be contributing to the depth and lightness percep-
tion of the concentric Kanizsa.
Second, if the concentric circular pattern in this ﬁgure is per-
ceived as a collection of individual circular objects, the white
spaces between the circular lines would be perceived as parts of
the white background. Participants, however, often report other-
wise: They interpret the pattern as textured surfaces. That is, there
are white surfaces with a pacman shape with concentric patterns
drawn on them. It has been shown that the articulation of a sur-
face, by adding some texture elements on a surface, induces a more
stable color constancy effect than a plain colored surface (Gilchrist
& Annan, 2002). It is possible that the concentric circles work as
additional elements creating the articulation effect and enhancing
the contrast. It should also be noted that the strength of the illusion
in the concentric Kanizsa ﬁgure naturally depends on the number
and thickness of the lines. Lesher and Mingolla (1993) reported the
effects of line properties on the strength of the illusion. However,
participants rated the ‘‘clarity of the (illusory) contours’’ and the
‘‘brightness’’ of the surface in their experiment. It is not known
how the depth perception of the illusory surface changes with
these parameters. It would be interesting to see whether the
strength of the depth perception increases monotonically
(approaching the value of the standard Kanizsa) as the number
or thickness of the concentric lines increases, or whether the mea-
surements show a U-shaped function, as they reported (see also
Petry et al., 1983).
Finally, Tse (2005) reported that attention can inﬂuence per-
ceived lightness: The contrast of an attended surface is perceived
to be stronger than that of unattended surfaces. The lightness
induction in the Kanizsa ﬁgure might work in a similar fashion.
When the background color is white and the inducers are black,
the illusory surface appears to be lighter, and when the back-
ground is black and the inducers are white, the center appears to
be darker. That is, in both cases, the contrast between the central
region and the inducers is enhanced in the illusory surface. It is
possible that even though the depth perception and the lightness
perception may not co-vary quantitatively, the depth stratiﬁcation
of the central surface from the background makes it more salient,and this in turn causes the enhancement of the contrast. It is also
possible that this cooperation of depth and lightness perception
works more strongly with textured surfaces. Future research is
necessary to ﬁnd out why the central square in the concentric Kan-
izsa appears to be lighter or more ‘‘salient’’, despite the fact that
participants reported less depth.
The side-lined Kanizsa showed stronger depth perception than
the standard Kanizsa. The end-stopped points of the side-lines
are aligned so that they are consistent with the perception of the
illusory surface occluding the surrounding objects. It is natural,
therefore, that the measured depth perception of this ﬁgure was
stronger, and it strengthens further the validity of our experimen-
tal paradigm. Although the concentric Kanizzsa and the side-lined
Kanizsa both give an impression that they have a stronger illusion
than the standard Kanizsa, it is important to note that our data sug-
gest that the strong illusion in these two ﬁgures may have different
meanings. While the depth perception of the side-lined Kanizsa is
stronger than the standard Kanizsa, the strong illusion in the con-
centric Kanizsa cannot be explained by the stronger depth percep-
tion. Note that if the task were to rate the strength of the illusion, it
would not have revealed the different computations possibly
involved in strengthening the illusion of these two ﬁgures. This is
another advantage of our experimental approach.
We also tested the perception of the opposite-polarity illusory
ﬁgures. This conﬁguration was designed to null the lightness effect
to show that the illusion still persists, suggesting that the underly-
ing mechanism to create the illusion is independent of lightness
perception (Dresp & Grossberg, 1997; He & Ooi, 1998; Matthews
& Welch, 1997; Prazdny, 1983; Spehar, 2000; Spehar & Clifford,
2003; Victor & Conte, 2000). However, these studies focused on
the clarity of the perceived contours and were not concerned with
the measurement of depth perception. It is clear that if one per-
ceives the contours, it means that one perceives the illusory sur-
face deﬁned by them, which, in turn, indicates the perception of
the illusory surface occluding the surrounding objects. However,
there is no foundation to claim that the ‘‘clarity of contour’’ directly
reﬂects the strength of the depth perception. Our experimental
paradigm, on the other hand, directly quantiﬁes the depth percep-
tion of these ﬁgures. The data showed that the illusory depth is in-
deed perceived in these ﬁgures. Moreover, there was no signiﬁcant
difference of the depth perception in the opposite-polarity Kanizsa
than the one in the standard Kanizsa. However, it should be noted
that the background color in the test ﬁgures (mid-gray) is different
from the one in the control ﬁgure (white with four black crosses) in
Experiment 1. Therefore, a boundary was created in the middle
between the two backgrounds, which may have inﬂuenced the re-
sults. As described in the Supplement, we also ran an experiment
where the depth perception of the opposite-polarity Kanizsa
ﬁgures were measured by pairing them with the opposite polarity
four crosses ﬁgures. Once again the measurements were not signif-
icantly different from the standard Kanizsa. Hence, within the
extent of the sensitivity that the experimental paradigm offers,
the existence of the illusory lightness perception in the standard
Kanizsa ﬁgure does not seem to inﬂuence the depth perception.
The fact that the concentric Kanizsa showed weaker depth percep-
tion in spite of its stronger illusory lightness perception also sug-
gests that depth computation and illusory lightness computation
involve some independent, dedicated mechanisms.
6.3. Non-linear interactions between occlusion cues and stereo cues
In addition to the different depth perceptions in the variation
ﬁgures, an intriguing effect was obtained when the test ﬁgure
was given a ‘‘catch’’ disparity by adding a 4-pixel shift at the verti-
cal straight edges. If the illusory depth and the depth based on ste-
reo disparity were summed linearly in perception, the
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the data from the trials with the catch disparity always showed
less than a 4-pixel shift, especially when the catch disparity was
combined with the illusory depth perception. It is also important
to note that the slopes in the PFs increased with the catch disparity.
The depth of surfaces in an image is computed based on multi-
ple depth cues, including various pictorial cues and stereo cues. It
is possible that these different depth cues are combined by weight-
ing each cue (Landy et al., 1995; Welchman et al., 2005), that the
weighting depends on the context (Harwerth, Moeller, &
Wensveen, 1998), and that the weight can be dynamically adjusted
for optimal combination (Hillis et al., 2004). Recent studies showed
that when conﬁgural (‘‘familiarity’’) cues and stereo cues are com-
bined, the perceived depth is enhanced if they are consistent and
reduced if inconsistent (Bertamini, Martinovic, & Wuerger, 2008;
Burge, Peterson, & Palmer, 2005, but see Gillam, Anderson, & Rizwi,
2009).
Our results showed (1) an increase of depth perception and (2)
non-linear summation. The ﬁrst result is in agreement with depth
enhancement. Note, however, that the stereo disparity is given
only at the vertical edges of the surrounding objects, not to the tex-
ture elements of the surface (because there are no textures) as in
these previous studies and hence the central surface perceived
by giving the stereo disparity is an illusory surface (Anderson &
Julesz, 1995). Therefore, our results reﬂect the way in which these
cues are integrated for illusory depth and may not be directly com-
parable with the previous studies. What is suggested from our re-
sults is that consistent cues work together to enhance the depth
perception of illusory surfaces and reduce the ambiguity of the
individual cues. It is possible that the summation is non-linear
because the different cues work in a complementary fashion and,
while the weighting of the cue combination is dynamically com-
puted, the more prominent cue (stereo disparity) becomes the
more dominant factor in the depth perception of ambiguous
images such as illusory surfaces. This ﬁnding calls for future re-
search on the interaction of occlusion cues and stereo disparity
cues involved in the computational mechanisms when this subjec-
tively constructed surface emerges in perception.
6.4. Possible involvement of border-ownership
Our data provide constraints to the computational models of
the underlying mechanisms of illusory surface perception. First,
the depth perception of the illusory surface depends on surface
properties within the inducers. Second, this difference is not due
to differences in the lightness illusion. Third, the stereo disparity
is combined with the occlusion cues in a non-linear fashion to yield
quantitative depth perception.
In the DISC model, a neuro-computational model that we devel-
oped recently (Kogo, Strecha, et al., 2010), border-ownership com-
putation plays a fundamental role in creating the illusory surface.
As a result of global interactions, the border-ownership signals are
activated at the location where illusory contours are perceived.
The depth map of the image is computed from this, and it, in turn,
inﬂuences the lightness computation. Hence, properties of images
that inﬂuence border-ownership computation may also inﬂuence
illusory depth perception. A series of papers from von der Heydt’s
laboratory shed light on the neuralmechanismof border-ownership
computation (Craft et al., 2007; Qiu & von der Heydt, 2005; Zhang &
von der Heydt, 2010; Zhou, Friedman, & von der Heydt, 2000). They
reported that border-ownership sensitive neurons are found in V1,
V2 and V4 of macaque monkeys (Zhou, Friedman, & von der Heydt,
2000), that some of them are also contrast-polarity sensitive (Zhou,
Friedman, & von der Heydt, 2000), and that some of them are also
activated by stereo disparity when it is congruent to their preferred
owner side (Qiu& vonderHeydt, 2005). However, it is still unknownwhether the border-ownership sensitive neural activities are pro-
cessed as quantitative signals or as binary signals, whether their
activation indeed plays the role of creating illusory contour percep-
tion (as the DISC model suggests), how the stereo disparity signals
combined with the border-ownership signals inﬂuence the depth
computation, how the neural signals sensitive to both the contrast
polarity and the border-ownership are used in later processes, and
how texture properties of surfaces inﬂuence the border-ownership
computation. These questions need to be answered by future re-
search to give insight into the underlyingmechanisms of the illusory
surface perception and ﬁgure–ground organization in general.
In our DISC model (Kogo, Strecha, et al., 2010), we hypothesized
that the depth stratiﬁcation of the central region causes the illu-
sory lightness perception of the illusory surface. However, the re-
sults reported here indicate that the depth perception and the
lightness perception do not always co-vary quantitatively. The data
indicate that the illusory depth perception is created in both the
side-lined Kanizsa and the concentric Kanizsa. In the side-lined
Kanizsa, the strong depth perception is accompanied with strong
lightness perception: a seemingly straightforward covariance of
depth and lightness perception. On the other hand, the concentric
Kanizsa showed weaker depth perception than the standard Kaniz-
sa, despite the fact that the former appears to create stronger light-
ness perception. As discussed above, the effect of the texture
surface on lightness perception, the articulation effect, the con-
text-dependent roles of the end-stopped signals may have to be
considered to explain the results. It is possible that there are fur-
ther complex processes involved to decide the ﬁnal perception of
depth and lightness, and that the illusory depth stratiﬁcation only
triggers the whole process to create illusory lightness. How exactly
the differences between the standard, the side-lined, and the con-
centric Kanizsa ﬁgures are created remains to be investigated in
future.
Illusory surface perception is still a rich resource of phenomena
that can inspire insights into how the visual system processes in-
put signals and provides fundamental aspects of perception, such
as ﬁgure–ground, depth and lightness perception. We hope that
the experimental paradigm and the results of the depth compari-
sons reported here contribute to the understanding of the underly-
ing mechanisms of depth computation based on occlusion cues and
its interactions with stereo vision and lightness computation
mechanisms.
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